We report on the experimental demonstration of stimulated Raman adiabatic passage (STIRAP) in a Tm 3+ :YAG crystal. Tm 3+ :YAG is a promising material for use in quantum information processing applications, but as yet there are few experimental investigations of coherent Raman processes in this material. We investigate the effect of inhomogeneous broadening and Rabi frequency on the transfer efficiency and the width of the two-photon spectrum. Simulations of the complete Tm 3+ :YAG system are presented along with the corresponding experimental results.
I. INTRODUCTION
Rare earth ions doped into inorganic crystals have recently been considered for use in the field of quantum information processing [1, 2, 3, 4, 5, 6] . These materials are promising as they offer very long coherence times in both the hyperfine [7] and optical transitions [8] . Currently the majority of quantum information processing demonstrations have been performed in crystals doped with either praseodymium or europium. Unfortunately these materials can only be optically addressed with dyelasers. The task to stabilize these lasers to the sub-kHz linewidths required for quantum information processing experiments is so challenging that only a few groups in the world have achieved such laser sources [9, 10, 11] .
Another disadvantage of praseodymium and europium doped crystals is the small hyperfine splitting, which is of the order of ten's of MHz. This small separation limits possible quantum information storage demonstrations in these crystals as the bandwidth of existing quantum sources does not match this narrow hyperfine splitting. It is therefore worthwile to investigate other rare earth ions which do not suffer these disadvantages. One such promising rare earth ion is thulium. The wavelength of thulium is 793 nm which falls in the range of easily stabilized semi-conductor lasers. The only isotope of thulium has an I = 1/2 nuclear spin but unfortunately does not exhibit hyperfine structure due to J quenching [12] . It has proven possible to create a 3-level Λ-system in this material via the application of a magnetic field with a particular orientation [13] . The advantage of this Λ-system is that it possesses an adjustable ground state hyperfine splitting via the magnitude of the applied magnetic field. Thus Tm 3+ :YAG does not suffer from a limited bandwidth for possible quantum information applications and is optically accessible with easily stabilized lasers.
There has been a startling lack of investigation into Raman coherent processes in this material. The first nuclear spin coherence via optical excitation has only recently * Electronic address: annabel.alexander@gmail.com been demonstrated [14] and it is certainly obvious that these types of processes need to be studied further if this material is to be useful for quantum information processing applications. Stimulated Raman adiabatic passage (STIRAP) [15, 16] is one such coherent process which deserves attention in this material. It provides complete coherent population transfer in a Λ-system without suffering from radiative losses and is robust against slight pulse variations. STIRAP is thus important in the field of quantum information processing for use in the preparation and manipulation of ions.
In this paper we will first discuss the theory of STI-RAP using the simple 3-level Λ-system at two-photon resonance. We will then present numerical simulations of the full Tm:
3+ :YAG level structure alongside simulations of the simple 3-level Λ-system. Following this will be a presentation of experimental and numerical results along with discussion and conclusions.
II. THEORY
For a simplified discussion of STIRAP we consider the 3-level Λ-system shown in Fig. 1 . The objective is to efficiently transfer population from level |1 to level |3 via the use of two temporally overlapping laser pulses.
The ground state hyperfine levels are split by ∆ g . The detuning between the Stokes pulse and optical resonance is denoted ∆ and is referred to as the optical or onephoton detuning. The detuning of the pump pulse from two-photon resonance is denoted δ and corresponds to the two-photon detuning. In the simplified case we assume that δ = 0, ie. we are at two-photon resonance. The system is initially prepared with all the population in level |1 and two, non-simultaneous, laser pulses are applied. The Stokes pulse, applied first, excites the, initially empty, transition |3 − |2 and the pump pulse, appplied temporally overlapping the Stokes pulse, excites the transition |1 − |2 . The pump and Stokes pulses have the following, respective, Rabi frequencies: Ω p = −µ 12 ε p (t)/ and Ω s = −µ 32 ε s (t)/ . The dipole transition moments are the µ ij 's and the applied, time-dependent, electric fields of the laser pulses are the ε s,p (t)'s.
The eigenstates of the instantaneous RWA Hamilto-
Three level Λ-system where the ground state hyperfine levels are split by ∆g. The optical, or one-photon, detuning is labelled ∆ and is the frequency difference between the Stokes pulse and the transition |3 -|2 . The two-photon detuning is labelled δ and is the frequency difference between the pump pulse and two-photon resonance. The Rabi frequencies of the pump and Stokes pulses are labelled Ωp and Ωs respectively.
nian of this system are well known and are given by the following linear combinations of the bare states |1 , |2 and |3 :
where the time-dependent mixing angles, θ and φ, are given by:
and we have the following time-dependent, dressed state eigenvalues:
After examining the eigenstates it is obvious that two dressed states, |a ± , contain the 'leaky' bare state |2 . Thus these dressed states cannot be used for complete population transferral as some population will be promoted to the excited level, |2 , where it will experience radiative losses and therefore be lost to the final state |3 .
Inspection of the dressed state a 0 , known as the 'dark' state as it contains no component of the electronic excited state, demonstrates that it should be possible to perform efficient population transferral using this state. If the Stokes pulse is applied before the pump pulse then at time t → −∞ we have the mixing angle θ = 0
• and the dressed state a 0 corresponds to the bare, populated, state |1 . At the end of the interaction, at time t → ∞, where the pump pulse has been applied after the Stokes pulse, we have a mixing angle of θ = 90
• and the state a 0 corresponds to the bare state |3 . This implies that provided the evolution of the system is adiabatic and that the Stokes pulse preceedes the pump pulse the system will remain in the a 0 state, or the 'dark' state, throughout the interaction. Hence the population initially in level |1 will be transferred into level |3 whilst never populating level |2 . Thus the population transferral does not depend on either the optical coherence lifetime or the decay rate from the upper level provided the adiabacity condition is satisfied.
The adiabaticity condition requires the energy spacing between the eigenvalues to be much larger than the dynamic coupling term, given byθ(t), where the overdot represents the time derivative. The adiabacity condition is [17] :
Thus for any given shape of the laser pulses, Ω p and Ω s , the adiabacity condition can be evaluated at any time, t. At optical resonance this adiabacity condition is generally satisfied, for smooth pulses, if:
where τ is the pulse duration and the effective Rabi frequency is:
Far from optical resonance the adiabatic condition, for smooth pulses, becomes instead:
which sets both an upper limit on the optical detuning and a lower limit on the Rabi frequencies for which population transferral is efficient. Therefore carefully selected pump and Stokes pulses, tuned to two-photon resonance, will transfer population adiabatically over a spectral range given by the adiabacity condition of Eqn. 7. The eigenvectors and eigenvalues of the Hamiltonian involving a non-zero two-photon detuning, δ, are much more complicated than those of the two-photon resonance case. These eigenvectors and eigenvalues are explicitly solved in Ref. [18] in which it is demonstrated that all three eigenvectors contain a contribution of the excited state level. It was also shown that away from two-photon resonance there is no adiabatic state which connects the initial bare state at the beginning of the sequence with the desired final bare state at the end of the interaction [18] . This implies that adiabatic processes are not the means for population transferral in this type of system. When two-photon detuning is present the majority of the population is instead transferred via diabatic processes which involve transisitions between the adiabatic states.
III. SIMULATIONS
Simulations of the Tm 3+ :YAG system were performed in order to aid our understanding of the system. The full Tm 3+ :YAG level scheme is actually quite simple when compared to that of the full praseodymium and europium systems. Praseodymium and europium both have a nuclear spin of I = 5/2 and thus when in a magnetic field the level scheme consists of six energy levels in both the ground and excited electronic states. Thulium on the other hand has a nuclear spin of I = 1/2 and therefore when it is placed in a magnetic field the energy level structure is much simpler, consisting of only two Zeeman energy levels in both the ground and excited electronic states. This simple energy level structure of Tm 3+ :YAG, displayed in Fig. 2 
FIG. 2: Level structure of Tm
3+ :YAG in a magnetic field, the ground and excited electronic states are split into two Zeeman levels which are labelled with their nominal nuclear spin numbers. The ground and excited state hyperfine splittings, labelled ∆g and ∆e respectively, are dependent on the magnitude of the applied magnetic field, with ∆e = ∆g/2.5. The two-photon detuning and the Rabi frequencies of the transitions are as described in the 3-level system. The optical detuning is the frequency difference between the Stokes pulse and the transition |3 -|4 .
excited state splittings are labelled as ∆ g and ∆ e respectively, and are dependent on the magnitude of the applied magnetic field, with ∆ e = ∆ g /2.5. The optical detuning, ∆, and the two-photon detuning, δ, are as defined in the previous section.
One complication to the Tm 3+ :YAG model arises from the fact that the Stokes and pump pulses can excite all four optical transitions. This is possible due to the lack of polarisation selectivity of the optical transitions and the mixing of the nuclear spin states, which relaxes the spin selection rule, ∆m = 0. This relaxation results in the spin-flip transitions, |3 -|2 and |1 -|4 , having a transition dipole moment of 0.37 times that of the transitions not involving a spin-flip [19] . The nominal nuclear spin labels in Fig. 2 thus represent the strong and weak transitions.
Whilst the Stokes and pump pulses are applied with equal intensities the Rabi frequencies of the transitions are different depending on which transition is being excited. The Rabi frequency of the weak transition is 0.37 times the value of the Rabi frequency of the strong transition. In all the following discussions the Rabi frequency listed is that of the strong transition.
The metastable state in Fig. 2 is included as a kind of reservoir in the model. This state has a much longer radiative lifetime, of 10 ms [20] , compared to that of the optical excited level, of 800 µs [21] . In addition to this, most of the population in the optical excited level decays to the metastable state rather than the ground state, in a ratio of 3:1 [22] .
The optical Bloch equations for this full energy level scheme, including the metastable state and the fact that multiple transitions are excited by the pump and Stokes pulses, are numerically solved in the interaction picture. We have also included population and coherence decay terms in the equations and the transfer efficiency is determined 300 µs after the application of the pump pulse. The Stokes and pump pulses both have a Gaussian lineshape with a FWHM (of intensity) of 30/ √ 2 µs and a pulse delay of -17 µs, with the Stokes pulse preceding the pump pulse.
In Fig. 3 we compare the optical detuning scans obtained from the 4-level model described above and the standard 3-level model of the level structure shown in Fig. 1 . This 3-level model is simply the numerical solution to the standard optical Bloch equations where we have included dephasing and relaxation terms and the fact that we have a strong and weak transition. Both these simulations were performed at two-photon resonance, ie. at δ = 0. In this case the transfer efficiency is determined from the population difference between the excited level, level |4 in the 4-level model, and level |3 .
Looking at only the one-photon linewidth centred at ∆ = 0MHz in Fig. 3 for the 3-level and 4-level models we see that the introduction of the fourth level and the multiple excitations of the transitions results in an asymmetry to the one-photon lineshape as well as reducing the overall linewidth. The one-photon linewidth (FWHM) of the 4-level model is 1.3 MHz as compared to 1.5 MHz for the 3-level model. From the particular pulse parameters used here the adiabacity criterion of Eqn. 7 reduces to 6.3 MHz ≫ |∆|. The linewidths of both the models agree with this criterion but this equation does not explain the asymmetry to the 4-level model. . In this case the excited state splitting was 2.84 MHz, the Rabi frequency on the strong transition was 510 kHz, the pulse duration was 30/ √ 2 µs and the pulse delay was -17 µs. These models were both performed at two-photon resonance and we record the transfer efficiency at each optical detuning value, ∆.
In Fig. 3 we also see the contributions from both Λ-systems in the 4-level model. At ∆ = 0 MHz we are on-resonance with the excited state level |4 whilst at ∆ = 2.48 MHz we are now on-resonance with the other Λ-system, with the excited state level |2 . It can be seen in this figure that the maximum transfer efficiency is the same for both Λ-systems even though the Rabi frequencies of the Stokes and pump pulses have been switched. It is thought that the transfer efficiency dramatically decreases at ∆ = 1.24 MHz, the midway point between the two excited state levels, due to an interference effect between these two Λ-systems. It is this interference effect which causes the asymmetry and reduced linewidth of the 4-level model over the 3-level.
In Fig. 4 is shown the transfer efficiency determined from the 4-level model as both the one-and two-photon detunings are varied. The effect of the second excited state hyperfine level can be seen in this figure. The efficient population transfer centered at ∆ = 0 is due to the pump and Stokes pulses being optically resonant with level |4 of Fig. 2 . Whilst the efficient transfer centered at ∆ = 2.84 MHz is due to the pump and Stokes pulses being applied nearly resonant with level |2 of Fig. 2 , the second excited state hyperfine level. The lack of population transfer for optical detuning values between these two levels is thought to be due to the interference effect of the two Λ-systems.
We also compare the standard 3-level model and the 4-level model described above for a two-photon detuning scan. In this case we perform the simulations at optical resonance, ie. at ∆ = 0, whilst we vary the frequency difference between the pump pulse and two-photon resonance, δ. In these models the Rabi frequency on the strong transition was 400 kHz, the ground state splitting was 7.1 MHz, the excited state splitting was 2.84 MHz and the pulse delay was -17 µs.
We see in Fig. 5 that the addition of the fourth level makes less difference to the two-photon detuning scan than it did for the optical detuning scan. The twophoton linewidth is again slightly narrower for the 4-level model. The two-photon linewidth (FWHM) of the 3-level model is 360 kHz whilst that of the 4-level is 320 kHz and there is again a slight asymmetry to the 4-level lineshape. Adiabatic population transferral can only occur at two-photon resonance. Thus, we see in Fig. 5 that there is a large amount of population transferral due to non-adiabatic, or diabatic, transitions in both models.
IV. EXPERIMENTAL SET-UP
When performing STIRAP experimentally the system is excited with an extended cavity semi-conductor laser operating at 793 nm. It is stabilized with a high-finesse Fabry-Perot cavity via a Pound-Drever-Hall servoloop with a frequency stabilisation of 200 Hz over 10 ms [23] . The laser is then amplified with a semi-conductor tapered amplifier (Toptica BoosTA). The experimental set-up is shown in Fig 6 . AOMs 1 and 2 are arranged in a doublepass configuration so that the light on the sample is not spatially shifted with a frequency shift. These AOMs are driven by a dual-channel 1 Gigasample/s arbitrary waveform generator (Tektronix AWG520) which can produce arbitrary amplitude and phase shaping.
After passing back through the polarizing beamsplitter a common polarization is given to both components via a Glan prism. This recombined beam is then coupled into a 2 m long single-mode fibre. The light polarization direction is optimized with a half-wave plate to ensure maximum Rabi frequency. This beam is then focussed onto the 0.1 at.% Tm 3+ :YAG sample which is 5 mm in the light propagation direction. The sample is cooled to 1.8 K in an Oxford 6T Spectromag SM4 cryostat.
After the cryostat the beam passes through a 50 µm pinhole and is then imaged onto an avalanche photodiode (Hamamatsu C5460). The Gaussian shaped cross-section of the laser beam means that those ions positioned at the edge of the beam diameter do not experience the maximum Rabi frequency. The pinhole ensures only those ions in the centre of the beam and thus subjected to the maximum Rabi frequency of the pump and Stokes pulses are probed. A final AOM protects the detector from strong light pulses.
The applied magnetic field, generated by superconducting coils, is applied in the direction optimizing the branching ratio [13] . The magnitude of this applied magnetic field determines the splitting of the hyperfine levels. The ground state splitting is given by 41 MHz/T with an excited state splitting of 16 MHz/T [14] . The magnitude of this applied field was of the order of 0.2-0.5 T.
The inhomogeneous width of the optical transition is ∼25 GHz which is much larger than the hyperfine level splitting. Thus a single laser frequency can drive transitions in different ensembles of ions at the same time. In order to drive and probe the STIRAP process in a single ensemble of thulium ions with a well-defined transition frequency we perform a preparation sequence based on optical hole burning. ) and provide the pump, Stokes, probe and preparation pulses. AOM3 is used as a gate to protect the detector from the intense preparatory and Gaussian-shaped pulses.
The preparation sequence consists of repeated burning over a range of 3 MHz via scanning the laser. This optical pumping creates a trench in the absorption profile. After this preparation sequence the pump and Stokes pulses are applied. The frequency of the Stokes pulse is chosen such as to place it in the centre of this created transmission window and thus initially it experiences no absorption. All the population is initially in level |1 of Fig 2, which is a necessary requirement for STIRAP.
The pump pulse is applied at a frequency outside this transmission window and the frequency difference between the Stokes and pump pulses matches the ground state splitting of the system, ∆ g . After STIRAP has modified the population distribution the absorption of a weak probe pulse provides a measurement of the population difference between the final level |3 and the optical excited state.
The temporal profiles of the Stokes and pump pulses are nominally Gaussians, but there was a saturation effect from one of the AOMs with altered the shape of the Stokes pulse thus changing the Gaussian profile. The FWHM of intensity for the two pulses was nominally 30/ √ 2 µs. The delay between the pump and Stokes pulses is variable, but is -17 µs, unless otherwise stated, with the Stokes pulse preceeding the pump pulse. The probe pulse has a rectangular profile with a pulse duration of 1 ms, during which the frequency is scanned over 20 MHz, and is applied 300 µs after the pump pulse. In the interaction region of the crystal the pump, preparation and Stokes beams all have a beam diameter of 110 µm.
Shown in Fig. 7 is a typical experimental spectrum recording the transmission of the weak probe pulse as its frequency is scanned. The overlapping red line is the expected probe transmission for this particular optical density after the preparation and STIRAP pulse sequences have been applied. In this case the ground state splitting was ∆ g = 4.55 MHz and the excited state splitting was ∆ e = 1.82 MHz.
The various trenches of either increased or decreased transmission are related to the initial preparation step of the sequence. After the preparation sequence there is increased transmission around the Stokes frequency, ν s , associated with the population having been optically pumped into the other ground state hyperfine level. Correspondingly there is decreased transmission around the pump frequency, ν p , associated with the increased population in this level. The decreased transmission also seen around ν s − ∆ g is due to the symmetrical nature of the holeburning spectrum. The preparation sequence actually creates two ensembles of thulium ions participating in the STIRAP sequence. One ensemble is that displayed in Fig. 2 where the Stokes pulse is applied on the strong transition. The other ensemble is the opposite case, where the Stokes pulse is nearly resonant with the weak transition. In each ensemble the situation is the opposite for the pump pulse.
The STIRAP sequence of the temporally overlapping Stokes and pump pulses modifies this initial population distribution and the associated STIRAP absorption and transmission features are observed overlaid on the preparation trenches.
The main STIRAP absorption feature is observed at the Stokes frequency which contains contributions from both ensembles of ions. A STIRAP absorption feature is also seen at the Stokes frequency plus the excited state splitting, ν s + ∆ e , which contains contributions from the ensemble where the Stokes pulse interacts with a strong transition. There should also be a STIRAP absorption feature at ν s − ∆ e , but the contributions to this feature only occur from the ensemble where the Stokes pulse interacts with a weak transition and thus is much smaller than the features at ν s and ν s + ∆ e .
The corresponding STIRAP transmission features are observed at the pump frequency and at the pump frequency minus the excited state splitting, ν p − ∆ e . Again the absorption feature which should be observed at ν p + ∆ e contains contributions solely from the ensemble where the pump pulse interacts with a weak transition.
The important intensity levels are labelled I 1 , I 2 and I 3 in Fig. 7 . I 1 corresponds to equal population in the two hyperfine ground state levels, |1 and |3 , I 2 corresponds to the amount of transferred population in level |3 after the STIRAP sequence, whilst I 3 corresponds to zero population in the final level |3 . With these three intensity levels it is thus possible to determine the transfer efficiency using Beer's law. In this case the transfer efficiency was ∼94%.
The level scheme in Fig. 8 demonstrates how our method of optical detection functions. The STIRAP experiment performed here is actually a two step process. First we perform STIRAP. The two-photon detuning and the ground state splitting are related to the pump-Stokes detuning by ∆ g − δ = ν p − ν s . The ground state splitting is fixed by the applied magnetic field amplitude. However, due to the inhomogeneous width of the ground state hyperfine transition in our system, the external field can only set an average value, ∆ g . Therefore, the given pump and probe frequencies can only specify an average value of the two-photon detuning, given by δ = ∆ g + ν s − ν p .
In the second step we scan the frequency of the weak probe pulse, ν pr . The probe field precisely selects the ions with a definite value of the STIRAP optical detuning, ∆, given by ∆ = ν pr −ν s . Indeed the probing spectral resolution is given by the homogeneous width, which amounts to a few kHz. When ν pr = ν s we are at optical resonance and the maximum transfer efficiency is observed.
In Pr 3+ :Y 2 SiO 5 the inhomogeneous broadening of the hyperfine transition is small with respect to the practical Rabi frequencies. Therefore, as far as STIRAP is concerned, the two-photon detuning is precisely defined by the pump and Stokes frequency difference, ν p − ν s . Specifically, appropriate adjustment of this frequency difference can lead to two-photon resonance [24, 25] . In Tm 3+ :YAG, the Raman inhomogeneous width grows with the magnitude of the applied magnetic field at the large rate of ∼400 kHz/T. Hence the incidence of this inhomogeneous broadening on the STIRAP efficiency has to be examined.
V. RESULTS AND DISCUSSION
We will first present initial investigations of STIRAP in Fig. 2 where we have removed level |2 for ease of reference. The Stokes and pump pulses are optically resonant with a particular Λ scheme comprising of levels |1 , |3 and |i . The probe pulse is then scanned and interacts with different Λ-systems with optical detunings of ∆, determined during the STIRAP step. The ground state splitting and two-photon detuning values, ∆g and δ , are average values due to the Raman inhomogeneous braodening present in our system. one-and two-photon detuning scans. Following these initial STIRAP investigations we will present numerical and experimental data demonstrating the effect of the inhomogeneous width and Rabi frequency on both the maximum transfer efficiency and the two-photon linewidth of this system.
In our first experiment we varied the delay between the Stokes and pump pulses, covering both the Stokes preceding the pump, negative delays, and the pump preceeding the Stokes, positive delays. The resulting transfer efficiencies were monitored for these different pulse orderings and are the squares displayed in Fig 9. We see that for optimum negative delays the experimental transfer efficiency reaches nearly 100%. Significant population transferral is also observed for positive delays, where the pump precedes the Stokes pulse. In both these cases the population transferral is significantly larger than that transferred when the pump and Stokes pulses are applied coincident. The maxima in the experimentally measured transferred population show the characteristic plateaus which are a signature of the STI-RAP process. These plateaus imply that the transferral process is robust against small pulse variations.
In Fig. 9 we see that the maximum transfer efficiency occurs when the pulse separation of the Stokes and pump pulses is equal to the pulse width, at delay∼-21 µs. It has been previously discussed [15, 26] that the maximum transfer efficiency is to be expected at this pulse separa- tion for Gaussian shaped pulses as the adiabacity condition of Eqn. 4, taking ∆ = 0 for simplicity, is best satisfied throughout the interaction at this pulse delay. Thus we have the lowest losses via non-adiabatic coupling to the 'leaky' dressed states |a ± and the maximum transfer efficiency.
The significant population transferral for positive delays is consistent with b-STIRAP [24, 27, 28] . In b-STIRAP the system remains in the bright state and the excited state is populated during the interaction. Radiative losses are therefore possible resulting in a reduction in the transfer efficiency. b-STIRAP is only observed in systems where the excited state radiative lifetime is long compared to the interaction time. In Tm 3+ :YAG the lifetime of the excited state is 800 µs [21] , which is much longer than the interaction time of the pulses.
We see that the experimental data in Fig. 9 agrees well with both the standard 4-level and the 4-level model where we have included the inhomogeneous broadening to the hyperfine transition, henceforth to be known as the 4-level+ model. In performing these simulations and in subsequent modeling we have included the saturation effect of the AOM in our models.
When including the significant inhomogeneous linewidth of the hyperfine transition in our 4-level+ model we assume the inhomogeneous line is a Gaussian centred on δ . Our position in the inhomogeneous line is now specified as δ and thus for each value of δ we must integrate over these δ's, whilst also including the Gaussian lineshape. The two-photon detuning profile in Fig. 5 , for the standard 4-level model, is the type of profile we use to perform this integration. In order to obtain the transfer efficiency for the 4-level+ model at two-photon resonance, δ = 0, we apply a Gaussian filter to this profile, centred at δ = 0 and then integrate over the result. By performing this integration process for a variety of delays we obtain the 4-level+ delay scan plotted here in Fig. 9 .
In the situation in Fig. 9 the Raman inhomogeneous linewidth is 50 kHz and the Rabi frequency on the strong transition is 1 MHz, with an associated weak Rabi frequency of 370 kHz. Thus for these large Rabi frequencies and small inhomogeneous broadening we expect to be in the previously well-studied situation where the inhomogeneous broadening can be ignored [24, 25] , as is demonstrated in these models.
The oscillations seen in the 4-level models for positive delays are thought to be due to the fact that the models were performed at ∆ = 0, optical resonance. At optical resonance it has been shown that the population transferral via b-STIRAP oscillates with the adiabacity parameter [28] , which in our case depends solely on the pulse delay between the pump and Stokes pulses.
In Fig. 10 is shown the one-photon linewidth for the various models along with that observed from experiment. We see in this figure that the 4-level+ model agrees closely with the experimentally obtained result for this particular ground state splitting and Rabi frequency. In Fig. 11 we compare the experimentally obtained two-photon detuning scan with that of the different models. In the conditions of Fig. 11 the width of the twophoton detuning profile is much larger than the inhomogeneous broadening, of 77.9 kHz. As a consequence, the presence of the inhomogeneous line has little effect on the transfer efficiency. The averaged profile given by the 4-level+ model hardly departs from the plain 4-level model. The computed profiles closely agree with the experimental data. In this experiment the strong Rabi frequency was 790 kHz, giving a Rabi frequency of 290 kHz on the weak transition, which is still much wider than the inhomogeneous width. We now follow with an investigation into the effect the inhomogeneous width of the Raman transition has on the maximum transfer efficiency and the two-photon linewidth as we vary the applied Rabi frequency.
Shown in Fig. 12 is the effect on the maximum transfer efficiency as the Rabi frequency is varied. It is at low Rabi frequencies that the inhomogeneously broadened Raman transition is expected to have the largest effect on the transfer efficiency and we see that this is matched with the experimental and numerical results.
At low Rabi frequencies we expect a lower maximum transfer efficiency for the 4-level+ model when compared to that of the standard 4-level model. In the standard 4-level model, at δ=0, all the ions are at two-photon resonance. Thus the majority of the population transferral occurs via efficient adiabatic transitions. In the 4-level+ model, at δ =0, only a small portion of the ions are at two-photon resonance. The rest will have a non-zero two-photon detuning value, dependant on their position in the inhomogeneous line. Thus the majority of population transfer in this model occurs via the less efficient diabatic transitions, reducing the maximum transfer efficiency. As the Rabi frequency is increased a greater proportion of the transitions are adiabatic in the 4-level+ model, thus steadily increasing the maximum transfer efficiency, until it matches that of the standard 4-level model. In this figure we also see a difference between the 3-level and 4-level models. It is accepted that in a threelevel system the population transfer is complete for a sufficiently high Rabi frequency satisfying the adiabacity criteria of either Eqns. 5 or 7. The transfer process then simply becomes more robust as the Rabi frequency is increased. This is seen in Fig. 12 where the transfer efficiency of the 3-level model rapidly reaches it's maximum value of ∼94% and then remains constant as the Rabi frequency is increased. The maximum transfer efficiency in this model is not 100% due to the inclusion of relaxation and decoherence decay terms in the model.
The situation is different for both the 4-level models where the transfer efficiency slowly reaches it's maximum value before then decreasing for larger Rabi frequencies.
This reduction in the transfer efficiency might be due to the "connectivity problem", which has previously been observed in multi-level systems [29, 30, 31] . The connectivity problem means that whilst there may be an adiabtaic dressed state overlapping with the initial bare state at t → −∞ and another adiabatic dressed state overlapping with the desired final bare state at t → ∞ there is no adiabatic or diabatic pathway connecting these two dressed states, due to the additional energy level and the multiple excitations of the transitions, resulting in no population transferral. It has previously been demonstrated that for multi-level systems it is possible that the maximum transfer efficiency will reduce for large Rabi frequencies [29, 30] due to this problem. It is also possible that at large Rabi frequencies the Stokes pulse could be strongly interacting with populated levels, resulting in optical pumping rather than STIRAP processes and thus reducing the transfer efficiency.
Both experimental results and simulations show that the transfer efficiency, below that of maximum efficiency, is highly dependant on the Rabi frequency. From the adiabacity condition of Eqn. 7 we see that for a constant onephoton detuning and pulse duration that it is the variation of the Rabi frequency which will affect the transfer efficiency. As the Rabi frequency is reduced a greater proportion of the population transferral will occur via non-adiabatic transitions, thus reducing the transfer efficiency due to the associated radiative losses.
We see explicitly in Fig. 13 the dependence of the width of the two-photon detuning scan on the Rabi frequency. We see that as we reduce the Rabi frequency, both the experimentally obtained maximum transfer efficiency and the two-photon detuning width is decreased. Reducing the effective Rabi frequency will affect the maximum transfer efficiency in two ways. In order to achieve the maximum possible transfer efficiency the weak Rabi frequency should be much larger than the inhomogeneous width of the Raman transition and at the same time the adiabacity condition of Eqn. 7 must be satisfied.
Away from two-photon resonance population transferral is only possible via diabatic transitions. As the Rabi frequency is reduced these diabatic transitions become weaker and hence it is thought that the weakening of these transitions reduces the two-photon width with decreasing Rabi frequency.
We monitored in Fig. 14 the two-photon detuning width as we varied both the Rabi frequency and the inhomogeneous width of the system. We found that the two-photon width was highly dependent on the Rabi frequency. It was also dependent on the inhomogeneous width of the hyperfine transition, but less so and only at low Rabi frequencies. 4-level+ g =19MHz, =210kHz
g =7MHz, =80kHz
g =13MHz, =140kHz
g =19MHz, =210kHz It was found numerically that there was a negligible difference between the two-photon linewidths from the standard 4-level models for different ground state splittings, thus only the result from a splitting of ∆ g =7 MHz is displayed here. Once the inhomogeneous width is included in the model we see that the two-photon width is dependent on the inhomogeneous width at low Rabi frequencies. It is seen in this figure that the larger the inhomogeneous broadening and the smaller the Rabi frequency, the broader the two-photon linewidth of the 4-level+ model is when compared to that of the standard 4-level model.
The fact that the two-photon width is broader for the 4-level+ model over the standard 4-level model, at least at low Rabi frequencies is to be expected. When the average two-photon detuning value is varied slightly in the 4-level+ model there can still be some ions at two-photon resonance, though less than if the average two-photon detuning was zero. Whilst in the standard 4-level model, once there is a non-zero two-photon detuning value there are no ions at two-photon resonance. Therefore there is greater population transfer in the 4-level+ model for nonzero two-photon detuning values, and hence a broader two-photon width. This effect is larger for the model with larger Raman inhomogeneous broadening as is to be expected.
As the Rabi frequency is increased the two-photon linewidths of the various models converge. It is seen that the 4-level+ model with the smaller inhomogeneous width, Γ = 80 kHz, converges at a smaller Rabi frequency than the model with a larger inhomogeneous width, Γ = 210 kHz, where Γ represnets the inhomogeneous linewidth. We see that in each case the models with inhomogeneous broadening converge for a Rabi frequency of the strong transition of approximately six times the inhomogeneous width.
This effect can also be seen in the experimental values where we see that for low Rabi frequencies the twophoton detuning widths appear to be dependent on the Raman inhomogeneous widths. This effect appears to decrease as the Rabi frequency is increased.
VI. CONCLUSIONS
We have investigated STIRAP in Tm 3+ :YAG both experimentally and numerically. The experimental demonstrations presented here were the first such demonstrations of STIRAP in Tm 3+ :YAG. We observed robust population transfer with a maximum transfer efficiency of ∼90% for STIRAP. We were also able to observe b-STIRAP in this system due to the long population lifetime of the excited level as compared to the interaction time of the experiment. Maximum transfer efficiencies of ∼45% were observed for b-STIRAP, significantly larger than the transfer efficiency for coincident Stokes and pump pulses.
We were also able to completely model the Tm 3+ :YAG system as this simple system consists of only 4 energy levels and a metastable state in a magnetic field. We found that it was necessary to include the second excited state hyperfine level and the multiple excitations of the optical transitions in order for our numerical model to match the experimental results. It was also seen that the inclusion of the Raman inhomogeneous broadening to our standard 4-level model altered the output and gave us simulated results more closely matched with those obtained experimentally, particularly at low Rabi frequencies.
We also discovered that the two-photon linewidth is broader when the inhomogeneous broadening is introduced. This was thought to be due to more efficient population transferral at non-zero two-photon detuning val-ues with the inhomogeneous broadening present. It was seen that the two-photon linewidth determined from the model with inhomogeneous broadening converged with that of the standard 4-level model as the Rabi frequency was increased and the effect of the inhomogeneous broadening was reduced.
It was also found that at low Rabi frequencies the presence of Raman inhomogeneous broadening reduced the maximum obtainable transfer efficiency. But at high Rabi frequencies, ie. frequencies ∼10 times the inhomogeneous width, the inhomogeneous width made no difference to the obtained maximum transfer efficiency.
